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A1A.PTSR I 

INTI10DUr.TION 

The me~surer.ent of too earth 1 s rmgnetic field has long been of inter-

est to v~rious mar,netic observ3.t ori~ s thro ughoo t the wrjr ld, to those 

int~rested in rr.a~netic prosp~ctin>Y, a.n:i to the nilitary in dnti-su.Jmarine 

..ork. Thi3 p3.per describes tre instrumentation of a new type r.agneto-

meter that J1".13A.SUNS the earth 1 s fi~ :U by z:1easuri ng the free precession 

fNquency of the protons in wat'3ro 

Res 1lts obtain~d irrlicate tr.at with tl-.e present equipment configuz

* 1.tion the ~arth's magnetic fi.9ld can be masured to within 2 '( (out of 

50000 '( ) on m ~bsolute basis an:l that ~hanges of k '( can be detected. 

This t~chni 1ue probably represent :3 trn most ace ...rate rrethcxi presently 

avail1.bla for measuring the absolute v~lue of the edrth's magnetic field. 

Further, chan,3~s of much less than ~ "( could be d'3tected by this method 

if it • ..;ere necessary or desirable sinply by increasin:s tre frequency of 

the crystal controll~d soured in the counting system. 

?ossible applications include: use as a station magnetometer for a 

magnetic observator'J, us~ for rn.::,7f1etic surveying or prospecting, and use 

in harbor defense arrl air anti-submarine worko 

lo-5 gauss 
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CHAPTSrl I I 

OTH~R TY?~S OF ~:AGNSTOM.STERS 

1. Dip Needles 

This is simply a compass needle free to QGVe in a vertical plane 

with an adjustabl~ ~ight attach13d on on~ side of the pivoto A balance 

is achieved between gravitational and magnetic torques. Changes in the 

vertical c crnponent of the earth's ID1.P-J1etic field changes the magnetic 

moment ·and results in an unbalarc e in the forces. 

This device measures ch ·ing;es in the earth 1 s rna gnetic field and will 

detect anomali~s of approxim~tely 300 ~ o The earth's magnetic field, 

as m~nti oned in the introduction, is about 50000 '( . 

2. ~arth Inductor 

This instrum.mt is frequently used by rragnetic observatories for 

me1.suri.ng the inclination of the earth's rragnetic field. It consists 

of a high speed rotating coil which generates a voltage for all orien

tations except those for which its axis is parallel to that of the mag-

netic .fl'31.i being measured. It can also be used as a crude device for 

~easuring the magnitude of a magnetic field since the voltage generated 

by the rotating coil is proportional to strength of the magnetic field 

whoo e flux is bein.s cut. When used to measure the absolute va.l ue of 

the 9arth 1 s rm.gnetic field it is accurate to within about 1000 ( • 

3. 3cnmid t-Tvue Nagnetomete r 

This device is widely used in magnetic prospecting. It is simil~r 

to the dip needle in that there are o~Jposing gravitational and magnetic 

torques. It is mu~h more S'3nsitive tmn the dip needle, however. It 

consists of a ma~net that is pi voted--but not pi votf'ld at its center of 

mass. ~ car9ful c~.djustrrent it can be m::tde to detect changes in the 
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earth's fi~lj of a few gamma--even one gamma under favorable conditions. 

4. Hagnetic ,Urborne Detector 

ao Qulf Airborne Detector (9) 

This device is also knovm as the flux-gat'3 rmgnetometer or satur-

able reactor. It utilizes a ferro mgnetic element c:f high penneabili ty 

such that the earth's field can very nearly saturate it. If an al. temat

inES field, obtained from a coil, is superimposed on the earth's field the 

core will saturate each cycle. The phase of each cycle at which satur

ation occurs 1;;1 ves a measure of the earth's field o Snall changes of a 

fraction of l { can be detected in this way. The instrument does not 

provide an absolute measure. 

b. NOL Ma~etic Airborne Detector (6) 

The magnetic airborne detector developed by NOL (Naval Ordnance 

Laboratory) and Bell Laboratori~s operates on a slightly different princ

iple. Here a single core is driven into saturation about 2000 times a 

second. A back electromotive force is set up in the magnetizing coil 

·..mich has even harmonics when there is an external field in the direction 

of the axis but only odd harmonics when th~re is no such fieJd • The 

ampli tui e of the even harmonic con tent as recoroed on a tape is propor

tional to the field strengtho This instrwrent measures changes of a 

fraction of one '( but does not measure the absolute v.:U.ue of the earth's 

field. 

5o Station gagnetorneter 

~ven a brief description of a station magnetometer would be too 

lengthyfor a paper of this sorto McComb, (5) in a U.So Jepartment of 

Commerce Publication, describes in detail how a magnetic observatory 
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st auld be set uo md equippad. Tre Coast and Geodetic Survey maintains 

two magnetic observatories in this countr/--one at Tucson, Arizona and 

th~ other at Sheltenham, Massachusetts. A station typically has a triple 

walled building with sawdust between one pair of walls 3nd air between 

tm other pair to red~ e temperature and humidity changes in sensitive 

equipment. Standard magnets are used and complex optical equipment is 

nec~ssary. This is mentioned to illustrate tre difficulty previously 

encountered in making earth's field rreasurenents. Accuracy of better 

than 5 '( for an absolute earth's field measurement was very difficult 

to obtain. 



GHAPTER III 

METHOD OF ATTACK 

l. Theoretical Background 

An entirely new approach to the magnetometer probl~ was opened 

by tre field of nuclear induction or nuclear magnetic resonaree. Bloch., 

Packard and Hansen (2) at Stanford and Purcell., Tor~ and Pound (8) at 

Harvard pioneered in this work. A brief amount of backgroun:l material 

follows. The notation used follows that of Block (2) and Packard(?). 

The phenomenon of nuclear induction is possibllt because af two 

inherent properties of the nuclei: their angular momentum and magnetic 

momer.t. The unit for magnetic manents is the Bohr ma.gneton 

--
where e is the charge on an electron., m represents its mass., c is the 

velocity of light and ~equal~ lo05 x lo-27 erg-sec. (2fr/(is Planck's 

constant) o The nuclear magneton is related to the Bohr magnet on simply 

by the ratio of the mass of the protm to that af the electron." For the 

nuclear magneton 

However., careful measurements have sh0t1n tffit fer tre proton, since it 

is not simply a spinning spherical shell of mass m and charge e, that 

its magnetic moment is 2o7935 times the theoretical value. The measured 

ratio of nagnetic moment of proton to that _af the electron is 1/660. 

The second characteristic property is the angular momentum, ~ , 

and is given in units of i( o 



The angular momentum and magnetic moments are relat~d by the gyro

magnetic ratio gamma, Y. (This '(is unrelated to tte unit of magnet~c 

field) o 

The vectcrs;arxi ~re either parallel, in which case (is positive, or 

anti-parallel and r is then n~gativeo 

We wish to have a relationship between magrl!tic field strength and 

frequency. This can be obtained by considering the energy difference' E . . 
between the Zeeman levels for a material placed in magnetic field of 

strength Ho E :.::~# 
:& 

a.ntl .SJ11'-~ ~= /,~/ x 10 

r := y, I" y ?rcfcll $/ -rA~ ;f 
)..j 1!- Y ~~~ Ltl$ 5 

uJ;-~} 
The quantity is tm parentheses in tre gyromagnetic ratio and we 

have Wequals 'f H. The frequency is termed the Larmor frequency arrl 

for protons, 

For example, if H equals 7000 gauss, the corresponding Larmor frequency 

is approximately 30 me. As indicated on the preTious page tre ratio of 

til!! nagnetic moment of the proton to that of electron is V. The fre-/6Qo 
quency of precession for the electron in a rragnetic field is less by 

this same factoro 
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Nucl~ar moments can be detected because they contribute to the 

total eusceptibilityo (A paramagnetic substance is one with a positive 

susceptibility while a diamagnetic material has a negative susceptibil-

ity.) The average value of the magnetic moment far each nucleus is: 

.I -f 1. ( ").. ;rl') f' 11-;-;:;-~ .c:= <.~ 1-
3 I. I< -r l< r· 

I< :: /. 3 1 X 1 o- " e ~'t/Jc tf~ t:- (Be I+ i!- m ti.IHt
1
S Cc.w~f.>\1 

Total magnetization per unit volume, f1 , isk'-ti.IMs number of nuclei per 
~ ....;. / 

unit volume. Further/lequalsftf,.here "j-is the susceptibility, for the 
0 

proton at room temperature: r -=- ;:_ '' _)., 3 I 
.,A/- :::- ;, 'I 1 x 1 o e , .. 'i 1 a. " t S 

}:( :: ~ u "' J'.. I 0'"" "" c ~"' ~ 
r .::: y.,., _ l o 
~ ~ ~ ~ v. x.. 1 o· 

So that, if a magnetic field is ~pplied to a paramagnetic substance, there 

is a total magnetization induced along the axis of the applied field. 

However this value is not reached instantly after applying a magnetic field 

but appro3.ches this value exponentially depending on a time constant Ts, o 

(For electron resonance the final value is approach! d in microseconds c) 

T~ for protons may vary fran seconds to hours o During this tirre between 

application of a magnetic field and final alignment of the nuclear momen~ 

a precession occurs about th! external field at the Larmer frequencyo The 

precessing nucl'9ar magnetic moment vector, ;;f', is shown in figure 1 o 

Nuclear indue tion was obtained at Stanford by the "crossed coils" 

m~thod. If Ho is approximately 7000 gauss then the frequency of precess-

ion is approximately 30 me as mentioned earliero Ho will be termed the 

polarizing field. The change to be Observed is a voltage produced by the 

change in orientation of the nucl~ar moments o If tre field Ho was created 

by two polarizing ~oils with their coomon axis the z axis (or by a magnet 

similarly oriented) and if to this is added two coils placed with their 
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axis a lon~ the x axis, then we would have the setup shown in figure 2. 

---q 

Fi~ure 1. ?~cession of nuclear magnetic moment about polarizing field. 

Fi~re 2 o Position of polarizing an:i RoF o coils 
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If tre coils ori~nt.,d along tr.e ;taxis are excited at a frequency 

near the Larmor frequency of 30 me, it is possible for the nuclear moment, 

which has been precessing about the polarizing field Ho, to absorb energy 

from t~ source of R.F .. voltage. (The R.Fo field is tenned the H1 field 

and is srrall as compared with Ho) o It is convenient to think of the RoF o 

as composed o: two vectors rotating in opposite directions. Thus, as 

long as no sample was present to.be polarized, the R.Fo vectors have cam-

ponents alon.s the x axis but components along tm y axis are cancelled to 

zero. However, the presenre of a polarized sample provides a vector which 

adds to one or th~ other of the two rotating RoF. vectors depending on the 

-7 -;> 
direction of rotation of~. This vector, ;j, is initially precessing 

about the z axis arrl the angle~ , indicated in figure 3 is rather small. 

Figure 3o 
..... 
Ho, 

"A 

/ _. 1 _;p 

HJ.. and M Teeters 

H1 ~ 2.. J.ll l- td t.P "t 

H3 = tio 

t(· ~ :: 0 



Howev~r, as the VdCtor attempts to precess about the field that is the 
~ 

resultant of Ho and H1 , f increases so that ~, at resonance, is rotating 

in the xy plane and is in phase with one of the two RoFo vectors previous-

ly discussed. The R.Fo vectors are then no longer equal and so no longer 

cancel to zero along tre y axis. 
__..;.. 

t2 ''!"'/a Y II A 
-i" r- -,; f t1- I 

J;i --c;l.'t' 
--11' 

r 
-Jr} 

\-.'here r-1 equals resultant nucl~ar magnetic moment per unit volume. 

;W - r ~~ 
~ -~ 
If Iff 

r 

The above equation describes the tine variation to be expected from 
~ 

the polarization vector t11 o It can be seen that the rmximum value, ioe o, _.., 
r~sonance, will occur wm n t+f is in the xy phase if Ho is along the z axis. 

For resonance W equals '( Ho. If we assume ttn t 

H • L.... "- rl· o t· !.. c. "' 
) 

H x a /-1, C-o..S wt 
·' - -r ? II .s,-, ~-t ,l - - "' , 
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/ 
/ 

:~ 

/ 

/ 

Figure 4. Components of vector Mo 

So that wten lA.} equals '( Ho equals tJc; we have resomnce, ~ equals 90 ° 

and tgt f equals r;,I'.J. The + is used since f may be either positive or 

negative in sign. 

It is often easier to obtain resonance by ha vi~ a constant RoF o 

frequency and start with a value of polarizing field that is near that 

required for resonance. Then by modulating the amplitude of the magnetic 

field alon~ the z axis with sweep coil:; at an audio rate, the nuclear __ , 
monant ~ can be made to pass thru the r..y plane and, hence, resonance, at 

an audio rate o 

I~, in addition to these coils already described, there is added 

still another whcse axis is along ttB 1 axis, termed th! receiving coil, 

a small signal on the order of microvolts will be induced in the receiv-
_, . 

er coil by M as tre vector /1 passes thru resomnceo 
y 
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The tr.mamitter coils, receiver coils, sample, plus certain match-

ing networks are usually contained in an R.F. head called a probeo A 

photop,raph of a 30 Me probe built by the author is shown in figure 6. 

Th! signal induced in the receiver coil of this probe is amplified and 

detected-usually \oc1. th a crystal detector when working at 30 Me o The 

cype of presentation of the signal depends on the purpooe of the equip-

mento For magnetometer work in high fields of 7000 gause for example, 

an oscilloscope presentation may be satisfactory. Figure 5 shows an os-

cilloscope picture of tre resonance of protons in water. The line width 

is ol gauss. It has been determined tt-a t th!!s line vddth can be affected . 
by the addition of certain paramagnetic ions. In this case the solution 

was .1 molar of ;4{11 J 0 if /rl II),. () . 

• 

FiRUre 5. Proton resonance for ol· molar solution of M",S'04 in water. 
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One of the difficulties in realizing great accuracy wi.th the magnet-

om~t""r operating in the 30 megacyclB region is the difnculty of reading 

.. 1 ~in a line width. The sirg1al shown in figure 5 has a waveform given 

by Blocr as: '( H 
1 

T-.... 
-----~--

I -f- (( fl, ) v T, r-z, r@w lz..) 
2.---

VJhere T
1 

and T
2 

are relaxation tine constants arrl other factors have 

been previously given. The exact shape is difficult to determine. Furthe~ 

the narrowest "line 11 (an electron resonance lim) is approximately 20 milli

gauss or 2000 ( o Therefore, for extremely accurate readings of field 

strength, th~ exact position of the resonant peak must be detennined to 

1 part in 2000 if accuracy to within 1 ga.rmna. is desired o The problem of 

readi.ng within a line is quite canplicated becawe of inhomogeneities that 

may exist in the field and because of the possibility of assymetry that may 

exist in the wave shape due to a mixture of u and v 11mo:ies 11 as described 

by Bloch. (1) 

A common and ver,y useful application of nuclear induction is in the 

field of nuclear spectroscopyo This is a tool used primarily by chemists. 

For example, the various proton lines of some substance such as ethyl al

cohol can be resolv8d into fine line structure as shown in figure 7o Mov

ing to the right along the abscissa on the tape of figure 7 corresponds to 

increasing too rragretic field. The total signal occurs within a field 

change of about 20 milligausso The technique requires that the intensity 

of the magnetic field be known to the degree of line resolution desired. 

The s~ple being studied is placed in an R.Fo head which contains the 

transmitter ani receiver coils plus matching circuitso The R.F o head used 

to obtain the tape in figure 7 is shown in figure 6. 

lJ 
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--- • --
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~-~~ 
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r A£ r;Jii. /~-€' ;'r, J,. t:.. &t ~(' s ?'e So I vI/~ H 

~ / a. i C) v f' I. s- nl' ·; f,' /a. v J J, 

Figu~ 7. Nuclear Spectroscopy tape for ~thyl alcoholo 
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2. ~ N~w ~ Magnetomet~r 

In nuclear spectroscopy v-.ork the relationshipW equals 0 His made 

use of in detenninin~ fine line structure. This same relationsr.ip can 

be used in magnetometer applications. For a g1. ven frequency the magnetic 

field H requi r-ej to produce resonance in the protons of water is well 

knowno Thus ~ have too inheNnt possibility of being able to m;:,asure 

field strength H- by measurl ng frequency W. This fact is made use of 

in magnetomaters working in r.i ,.sh fields arrl at R.F. frequencies with little 

difficulty since information to within ol gauss is usually sufficiently 

accurate. A ma.gmtometer trnt will operate in small fields with compa.r-

able accuracy is more difficult to come by. One approach to the problem 

was to make use of electron resonance. For the fixed frequency of 30 Me, 

proton resonance occurs at about 7000 gauss while electron resonance 

occurs in fields of only ~ few gauss for tm same frequency. This possi-

bility, the use of electron resonance for lo.v field measure!ffint, was in-

vestigated by Levinthal and Rodgers. ( 4) They fourrl t.ha t accuracy of t 

.02 gauss or-::_ 2000 '( could be obtained. 

The material that follows will describe a new technique that utilizes 

the free precession of protons in water to rmasure tl"ll small magnetic field 

of the earth. In this nethod a sample of water is polarized with a large 

magnetic field (large as compared with that of the earth)o This polar-

izing field is oriented approximately 90 degrees to the earth's magnetic 

field. It is necessary to polarize the sample of water with a field Ho 

-7 
in order to orient the vector M approximately 90 degrees to the earthfs 

field. The reason for this wi 11 become more apparent lat~r. 
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Figure 8 o Dir~ction of vector M after polarization. 

The polarizing field Ho is left on for a time .long as compared with 

T1 , where a time equal to 5 T1 is required far alignment of the induced 

moment ~approximately along Hoo After 5 T
1 

lf would actually be aligned 

along a line that is a resultant of Ho and the earth 1 s field but if Ho 

is much greater than th3 earth 1 s field then tre vector 1{ would be po-

sitioned approximate~ along Hoo 

If this large polarizing field is nav su:idenly cut off, the vector 

representing the overall magnetic moment is left free to precess, with 

exponentially decreasing amplitude, about the only magnetic field remain-

ing, til at of the earth. 

lf will precess about th3 earth 1 s field in th! same way that it pre-

cessed about Ho immediately after Ho •·tas impressed. Hoi..-ever, the frequency 

of p:-ecession is quite different in the two cases beca\..5 e Ho is much great-

er than the earth 1 s fie 1.d and the frequency of precession is definitely 

related to field strength as shovm by the equation for W equals '( H on 

Page 7 which leads to a precession frequency of: 

/ = ¥. z. !.'1 8 1(:: x / 'c I J ''rt 1 11. v s.! 

17 



Thus, ~or the 30 fl..c probe di scussad earlier, tre field associated with 

it was about 7000 gauss. No.-r, however, with the earth's field of o5 

gauss, the frequency of precession is seen to be an audio frequency just 

over 2 Kc. 

If a receiving coil were placed 90 degrees to both the earth's field 

and tre polarizing field, a srm 11 signal of a few microvolts would be in

juced in it by the precession of the vector ~about the earth's field 

after Ho was cut off. 

An important factor in practical application of this equipment should 

be noted here. It is not n~cessary that Ho be exactly 90 degrees to the 

earth's field in order to det~rminl3 the frequency of precession and thus 

the earth 1 s field strength. If. ~o is not 90 degrees to the earth' a field, 

then the a:nplitude of the signal induced in the receiving coil is reduced 

but its frequercy is unchanged. Thus, if Ho is 45 degrees to the earth 1 s 

field, the ultimate signal is reduced to .7 of its previous amplitude but 

its frequency rerr.ains the same. 

If the signal induced in tre receiving coil after the mgmtizing 

field is turned off is amplifl. ed, arrl the exact frequerc y determined, it 

\<,OUU. be possible to thus obtain a measure of tm earth 1 s magnetic field. 

A block diagram of the required equipment is sketched in figure 10. 

It has been shown by Bloch (l) that the signal to noise ratio is 

proportional to the volum~ of the sample. This is true because the great

er volume provides a larger number of dipoles. Therefore a fairly large 

s~~?l~ should be ~sed. 

In nu~lear spectroscopy the line rl3solution possible is limited by 

inhonosen.,ities in the big rragn~tic fie 1d, Hoo Fnr example, if the field 

18 
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Rt.~C/V/11/ C.eo,/ 

Fi~ure 9. Orientation of receiving coil. 

p,. ~ 'l v r. -:;-;-;~-;1 
de (_c Y ~!/~'i-ljj_ 

.,__ ___ t::_&~!.f!.- e r. 
Fi~ur~ lOa Block dia~rarn of ~arth's maenetic field measuring equipment. 
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across t~ sarpl~ 1s homogen~ous to withln ,Ol 1 gduss, then spectrum 

lines separat~d by 1~ss thl n .(X l gauss cannot, in general, be resolvej. 

Since it is difficult to create a magn~tic field of 7000 gauss that is 

hor:1o~eneous over a large area, the samol~s used in spectroscopy are 

necess~ri1y srrall, being on the orJer of on~ cubic centinetero However, 

th~ earth's ma~~tic field is homogeneous over a very large area and this 

makes it possible to use quit~ large samples and thus obtain better signal 

to noise r3.tios. 

The polarizing coil should be capable of providing a magnetic field 

of at l~ast 100 gauss in order to nrodu~e a rm.gnetic field that is 200 

times that of tre earth's IM.gnetic fie 1.d. 

The open circuit voltage, wtdch c 'll1 be considered as being introduced 

in series with the coil has been sho-...m by Packard (7) to be: 

vopen Cl.rcuit = ¥- ?7 N Aft( f.Y' C-o:i w -t X I 0-
8 t/o!I.J 

N = mm~~r of r~ceiver coil turns 

A = ar~a of cylindrical sarr.ple in cm-3 

M = f. tf 
: SUSCAptibility )l. J..{ : 3.4 X 10 -lO ~~ 

Ho = 100 gauss polarizing field 

N - 6.,9 X lo22 Cnt-J -

~ = 1.4 x 1o-23 erg/gauss = m3.gnetic moment for each nucleus 

K - 1.37 x lo-16 er~/jegr~e = Bol tma.n' s constant -
T = 2910 = absolute t~mpt:Jrat.lre in degrees r:elvin for roam temperature 

The voltq,ge across tre C3.p<;i.Citor shown in figure ll which is the vol-

taf"e 3.'J""'li~d to the o-rid of the fir3t sta. ·e of the prearnplifier is Q times 

Voc. The rms value of the ~rid voltage i• ~ v' {t where Q i• tllll Q or the 
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The signa 1 was center"!d about a f~quency of 2182 eye les. A sLift of 

1 cycle would corresporrl to a shift in tre earth 1 s field of approximately 

25 ( o Diurnal· fluctuations based on data from tre Coast an:i Geodetic 

Survey's station at Tucson, Arizona, ara about 40 ~ , corresponding to 

less than two cycles. Large magnetized material n~ar the equipment could 
{ 

cause sornewha t greater fluctuations tra n this but is is apparent that a 

very narrow band amplifier is f~asible. Noise t/ equals 1_1(1~where ~ f 
represents the bandwidth. A bandwidth af a fe\v cycles seems advisable. 

However, a very narrow bandwidth brings in other considerations. If a 

sine wave is impressed on a tuned circuit with a given Q, the ensuing 

oscillations do not commence at maximum amplitude instantly but build up 

exponentially to their maximum value in S 4J cycles of the impressed eine 

tr 
wave. 

Figure 12. 3xponential rise of sine wave signal impressed on a high 
Q circuito 
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The signal occurring in th<:! rece~ ving c oi 1 1 s an exponentially de-

- ,_j_ ·r t 
creasin~ sine wave A e s ,',.1 W If this signal were applied 

I 

to a low Q circuit it could b~ expect~d to buiLd up very rapidly w.ile 

if it were applied to a very high Q circuit it would build up mor4'! slo-wly. 

Sine e the time constant af the exponential decay was approximately 1.6 

second~, it was important that the sigml not build up tocslcn-;ly for, if, 

it did, it would be decaying into noise before a satisfactory count could 

be obtained. This problem was investigated with LaPlace transform<3 and 

is included as appendix Io The results showed that for a ~ equal to 200, 

i.e., a bandwidth of appro.ximat~ly 10 cycles, the envelope of tre waveform 

produced would be as sketched below. 

/,0 

l---·--_..... ____ ..,.___,.__ __ ~--.. .-1---------·~---~ 
,I .2.. .3 • 'f + -7 

\ 

/,o ·--~ 
~ 

'''-......~~---.............,. ... , .... ~ 

-~t' 
Figure 13. \'lavefonn produced by signal A e.~ t.JJt Impressed on a circuit 

with a Q of 200o 
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will decreas~ by l f~ctor 1/e each tine the range i5 doubled after reach

ing some S/N ratio that first Cdllses san~ srall error to exist in the 

counting. This is tm "critical" S/N r'ltio. Thus trere are two opposing 

effects--one that produces a factor a! two improvement in accuracy each ... 
tim~ tile rang~ is doubled; the oth ... r a 1/e decrease in d.C~"'Urfl.cy each time 

the r3nge is doubl~d aft~r reaching the critical S/N ratio. Tte count 

should always b~ continued to the critical value of S/N arrl to .567 of one 

time constant ther~aftera This conclusion is justified in arypendix II. 

I 
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CHAPTSR IV 

EXPERIMSNTAL SGUIPMENT 

The following system components will be described: 

1. Polarizing coils 

2. Receiving coil 

3. Sample of ·~ter 

4. Pr~anplifier 

5. .\!nplifi~ r, Narra.v Band 

6. Gating a rrl c ount in g c i rcu its 

7o Analo~ing circuit 

lo Polarizin~ coils 

These two coils each consist~d of 1200 turns of #18 wire. The D.C. 

resistance of each coil was 25 ohms o Trey were woun:i on drum-like coil 

forms that could be moved relative to one another. Tm total inductance 

when the coils were placed as close togetMr as possible was 1 henry. The 

field creat~d by the coils w.i.th t\-.0 amperes of current flowing was 172 

gauss which is 244 times that of the earth's field. This field meets the 

requirerre nt of b,.,ing large as c anpared with that of the earth. Tre inside 

diameter was 8 11 which permitted use of a quite large water sarr.ple. It was 

necessa~ to polarize the coil by supplying current for a period of several 

seconds in order to allow the sam.ple sufficient ti.rre to reach its steady 

state of maximW!l magnetization. Follc~dng ttlis the current must be cut off. 

This sv.1..tching •,.;as a~conplisred by a microswitch actuated by a slowly ro

tati.'1~ wre el containing t~ notches. 

Th~ wheel rotated at 2 rpm which permitted one cycle of polarize and 

then count during each 15 second peria:i. A schematic diagram of the 

26 



/'-
/ 

/ 
I 

( (0 
\ 
~ ;' 

~/ 
Figure 14. Timing wheelo 
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polarizing coil circuit is shown on page 28. Terminals 1 and 2 are also 

indicated in the figure. 

The sequence of action was as follows: when the microswitch was out 

of the notch, s1 was closedo This in tum closed s2 and s3. These relays 

caused s4 and s5 to closeo In this condition, ~hich lasted for approxi

mately 10 seconds, the power supply provided two amperes of current to the 

polarizing coils and the water sample was thereby polarized. As the ro-

tation r::f the wheel continued, the m.icroswitch arm dropped into the notch 

causing s1 to open. Switches s2, s3, and s4 open immediately leaving the 

polarizing coils in s~rie s with a res is tor R1 ( 220 ohms) an:l a capacitor 

c1 (8~/v-l~ ). This causes an overdanped pulse of current to flow in the 

polarizing coil whose duration is approximately 20 milliseconds. 

There is a delay of sev~ral milliseconds between the opening of 32 1 

s3, and s4, and that of s5. C2 was 8~ ~..,and R2 was approximately 31 Ko 
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Figure 16. Transient r~sp onse of polaL·izing coil o 

The opening of s 5 leaves the polarizing coils free to ring at the high 

frequency but low amplitude detennined by the inductance of tM coils and 

their distributed capacitance. See figure 16. The voltage rises initi-

ally then decays for 24 milliseconds before the high frequency ringing 

commenceso This two-step cutoff was devised by Varian and greatly simp-

lifies the transient problem. This is true because large transients in 

the polarizing coils induce large, unwanted signals in the receiving coil 

which block the amplifying stages and cause ringing of the high Q circuits. 

2. Receiver coil 

This coil was 4" long and had a 3.5" inside diameter. It consisted 
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of J5C() turns of #26 ·,.i ~ 'ird haj an inductance of .235 henryo The D.C. 

resist'lnce w::1.s 95 ohms. The A.~. resistance equals trn D.S. resistance 

at the audio f~quency of 2 Kco 

r..v L --· t< 
Sufficient c:1p;.city to resonate the receiving coil was placed across 

In th"'! cutoff of the pola:izing coils it is desirable to have a rapid 

cutoff so that the many srra.ll nuclear mo~nts v..rhich combine to form th-3 
_....., 

vector H will start pMc~ssing in phase arrl thus produce a coh~rent sign3.l. 

~xperi•mce h:1s shovm. that if cutoff is too rapid a small"!r signal results. 

This is tentatively accounted for by a fanning out of the nuclear momdnts 

-"'1 
that co!'lbin~ to form ~~--· ... ith a resultant destructive ph.'lse interference. 

On oa~e 20 the equation for the maximUii\ \fns voltage at tre grid of 

the first sta.~Se of the preamplifier was given. It depended on several 

factors such as Ue Q arrl number of turns of receiving coil, rragnitude of 

polarizing .:~i~hl, area and susceptibility of sample arrl frequency of pre-

cession. Usinp. the va.lms just giv"'!n in tre description of the polarizing 

coils and receivil1.!?; coil, the theor~ticr.J. v:Uu~ of mxirnum rms voltage to 

be exoected at the grid of th~ first stage of tre preamplifier is loB 

millivolts. (The sar;,pl~ aNa used v1as 213 sq. em.) 

Later, it was desirod to check this value of loB millivolts at tre 

fY,rid of th~ first stage of the prea.:nplif'i ~r to see ha.v it compared with 

the a:.plitt:.de of the signal at this ooint oLtained from an actual water 

sample. In orde!r to accomplish this a water sampl~ was polarized arrl 

then 3.llowed to pr·~cess about the eart:il' s field. The output amplitude 
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after pre ::mplifJ ·q_tion w1.s obs~rved on an oscilloscope. An artificial 

signal fro:v-1 8. sign1.l gen~rator was th~n introduced at the first grid of 

the pre8.mplifier and its amplitu1e at that point adjusted until the pre

aJ:l'Jli:'iP.r output as shown on the oocilloscop~ was the same as that obtain

ed with the actual siv,n~l. By this substitution method it was found that 

the si~n8.l from th~ actual sample of water proJuced a voltage of .1 milli

volt at the ~rid of the first stagP. of the preamplifier rather than the 

computed v~lue of 1.8 rrd.llivolts. The reason for this difference is not 

fully under.:3tood. ?oosible P.Xplanations include the fact that the equation 

used is for· a long cylL'1drical sample which did not in fa.c t exist. Further, 

sL'T1al redu~tion can be C3.used by coil orientations trat are not opt imum. 

J. \·!3.te r sF:UI:pl~ 

This ·.-~as P.nc los~d in a fl8.ss jar tffi t was fit ted inside the receiving 

coil, so thA.t the couplin~ would be clooe. The actual sample area was 3" 

or 7.62 (\'\-\ in di'lmP.ter an:i 3.5" or 8.9 c'~longo 

"A" equ1ls are3. of sample and was 213 sq. em. Volume of s~"'lple was 

1620 c~J • 7his c1n be compared with approxirJately l cm3 samples that are 

used in most spectroscopy v.o rk. Thus a great many more nuclei are being 

polariz~d here and the resulting signal is larger than that obtained in 

sp~ctroscoDy W)rk . 

4. Prea~plifier 

This devi~e was placed near the trarsmitting and receiving coil. It 

was built of rriniature tubes and 'das powered with batteries on both fila

ments and B i"' to reduct9 noise arrl 60 cycle hum. The scherm tic diagram is 

shown belowo All tubes were ck 628 ?~theon miniatures. 
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-. 
This preamplifier provid~d amplification of the signal from .l rrd.lli-

volt to 7 rr~llivolts. Thus, th~ gain was 37 db. 

5. Narrow band Amplifier 

TheN '.vere no tuned circuits placed in tre preamplifier so narrow 

banding ·.·ms required in the amplifi~r in addition to further ar.-tplification. 

The required :unplification could be robtain~d v:ith one or t\vO additional 

stages. Howe ver, it was desirable to have an amplifier whose bandwidth 

could be changed readily in order to observe th.:! effect of narrow banding 

on the si~al. With this in mind a narro;v band, ~multiplier circuit (3) was 

constructed. 

The Q multiplier circuit consists of a cathode follower that has a 

tun~d circuit at th~ ,t:?rid. It h3.s an adjustablt:-:l positive feedbr:tck thru 

~sister it.F. shown in th~ scmrrat.ic diagram, figure l5o 
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Osctll1tion \\till 0ccur in a circu1t with nositive feedback only if 

•\k ·"3CJ'..l"ils on~ 1 i o~., if th::! gain tim~s the feedback factor equals one. 

In i c~tLcde follower th.= g.<tin is somewhat less than one. Therefore, by 

k~epi'1g the f~edb::tck 3.lso just sli~htly less than one, the feedback can 

be kert bel JW .1. critical value that \..OUld cau.? e a; cilla ting to ensue. The 

feedb3~k proviJes, in eff~ct, a n~gative resistarce tmt cancels a part or 

tle equivJ.l~'lt parallel resistance of the tuned circuit thereby increasing 

its 0. It was found that ('s of 2000 w~re possibl9 at 2 Kc si~al input 

with ·.1 resultin.r, ba.ndwidth of 1 cycl~.. i:fith the circuit shown in figure 

lH a band·...idth of 28.7 cycl~s was m~asured for an input frequency of 2182 

cy" le · . .,ri th resistor Rf all in o As Rf was reduced, the Q of the input c ir

c•ut increased to 200 w~ile r~taining good stabilityo 

It ;'lfas found that if the C~ was increased to 570 a slight overshoot 

due to :inst<J.r;ility occurred wren a sine wave was suidenly impressed. This 

iG sho~n in the three photographs of figure 19. The first photo shows the 

si~:nal tffit r~sult"':!d wl'Bn the feedback resister ·11as disconnected. The rise 

of sio;ml to fin::1l amplitude was very rapid. (Signal \vas SUiJplied by 

Hewl~tt ?~ck-'lrd audio si:sn:ll g.:merator). Tre Q of the tank circuit at the 

ssd :i of th.~ tube wren considered alone i-.ras fourrl to be 57. The second 

pictuN sha,:s th~ ris~ dill to impr~ssing a ·..va.ve on the circuit \vi.th Ri 
~djust~d so that t h3 C. was increased to 200. There is a measurable rise 

t:~~ ~vid~rt as wouJ..j b3 expect:::j. In tre third photo the Q was 570 and 

sor:1e ov~rshoot is evid~nt. C"' s used during the tests never exceeded 275. 

It is oi.viously irr.possibl~ to rea.d th.g band\o.1dth of a circuit with 

a of ov~r SOG from th..; tr~qu~ncy dial of .:IIl au::ii o signr.1.l gen~rator \-klen 

th~ ~~r.ter fr~ow:mcy is 2182 cy;~lds. -:'hd ba.nd\-d.dth m~asurem~nts were 
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Fi gure 19. Photo ~ raphs showing result of impressing a sine wave on a 
hi gh Q circuit. (~ontinued on next page) 
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Fi'!~.ll"'e 11 o PhotoJ;raphs sr~owin~ l"'~sult of impressing a sin-3 wave on a 
hi sh c circuit 0 

na::!., hy H.~). 574·\ ~ oun':.e r plus th(3 binary scaling ci rcu it which was con-

struct~d to .e usad as an int~frll part of the ov~rall syst~m. This 

co,mtinr.; ~~:::st~m >dll t.~e d~scrib~d in th~ next section. 

lhvi'l'" constru~t~d a ~irc~it to proviie a narrow b:mj....n.dth it was 

also 11 ~r.~ ss 1.ry to ha v~ t\-,Q untuned st'le;A~ of "ln:pl ificati on in order to 

h; ... ve an out"f1•Jt si ~n:1l of approxim3.t~ly 10 volts m.1.ximum a.."'lplitude. 
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6o ';atin~ ~rd ~ounUn; ... ·ir~wit: 

There; is ~-1.Vdilabl~ out of tre amplifier c. si£11<ll of frequency n~ar 

2182 rycl>3So Its ini.ti tl amplituJe is approxi.'11ataly t~n volts and it is 

expon~ntially d~c'lying with a time constant of ci.pproximately 1.6 seconds. 

It has an initi.tl S/N ratio of 20 or 30 to 1. During tre lst 100 milli

seconds a tr~nsi~nt condition exists that must be avoided. The frequency 

of this si,snal r.tust be determired to vrithin a sr.a.ll fraction of one cycle. 

The H.''o 52hA required .85 volts of input signal to tri5ger the first 

squarj n~ and amplifying stages. An input signal. sine wave greater than 

.85 volts would (with the fr~quency-peri a:i s·witch set to peri a:i) produce 

posjtive rectangular puls~s (shaped signal pulses) of about 30 volts amnli

tu::ie at pin ont~ of the decade eli vi dar socket. This decade divider then 

supplies output pulses to pin 2 of the sam::J socket that are 1/10 the fre

quency of th~ inconin~ si41.;l. These puls~s act as gating pulses for tre 

interna:.ly ~eneratAd 100 Kc o This d8cade divider Wl.S removed and the posi

tive r8Ct-'lngular pulsP-s into pin l W9re inverted an:i utilizF:ld to trigger 

a binar-.r gatin•~ counter. This binary circuit prod1.eed pulses spaced 4096 

cycles ap.lrt or, by switching out on-3 or more stage~, it 'i.OLlld provide 

pulses 204M, 1024 etc. cycl~s apart. The reason .:or using the bin;.ry cir

cuit was to reduce tm last count ~rror to a val;J8 equival~nt to approxi

rrately ~ '(change in th'3 earth's field as discussed on page 24. 

Th~ scr,~rnatic diagram of the binary circuit is shov-.n on the next t'M) 

pac?,;es. 

The binarJ scaling circuit consisted of 13 stages ~hi~h would actually 

permit output pulses to be spaced by ·J.s nnny as 213 or 8192 eye les, though 

this numb~r w::ts not us~d. 
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It was important ttat the counting not commence until lOQ milll-

I 

seconds after the polarizing coil was cut off in order to avoid a tran-

sient condition. (See page 23 and Appendix I) However, no further delay 

was desirable if the maximum counting time ·.vas to be utilized. The delay 

was introduced by placing a s"'cond microswitch so that it was on the 

onposite side of tffi slowly rotatil'¥5 wreel fran the polarizing coil micro-

switch o 

J 

\ 

R.e e. c lv'(. r 
R{!(!f· 

Figure 23o Timing wheelo 
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The physical position of tl'e second mic roswitch was arranged so 

that it dropped into the notch 135 milliseconds after microswitch #1. 

This introduced sufficient but not excessive delay. The second micro

switch caused a relay to open and cl cs e tha. t was connl!cted to tre reset of 

the binary gating counter. By dropping into t~ not:.ch, switch s6 in draw

ing 22 was closed bypassing tm 50000 ohm resistor. When mic roswitch #2 

was out of the net. c h, the 50000 ohm res is tor was placed in series wi. th 

the grid resistor in one stage of each of the pairs of bistable circuits 

in tte binary gating counter. This unbalanced each pair and caused each 

of th" stages which had 50000 ohm introduced to becone the "on" tube of 

its pair. The first squaring amplifier of the H.P. 524A counter limited 

its output to 20 volts regardless of input signal amplitude. This out

put when fed to the binary gating counter out of pin 1 of tre ''Decade 

Divider Socket" was not sufficient to trigger tlB binary gating counter 

provided S6 was open with th~ 50000 ohm in tffi grid :ut ad of every otre r 

stage. Therefore large transients which recurred prior to the tirra t rat 

microswitch #2 dropped into the notch did not start an erroneous counto 

Wh~n microswitch #2 dropped into the notch closing 56 and bypassing 

the reset resistor, the binary gating counter was reaqy to receive input 

signal pulses. It was necessary for tl'e first input pulse to produce an 

output pulse which would open the gate on the 100 Kc and start a count 

on the HoP. 524A counting stages. Since this was true, the binary gating 

counter was not arranged in the conventional manner. If it were, then 

tile first output pulse would occur only after 4096 input sig;1al pulses and 

additi anal pulses would follow spaced 4096 cyclas of the input si g1al fre

quency apart. In order to cause the first input signal pulse to produce 
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an out out ouls .. , i .~., "go all tre way through, 11 the reset resistor wae 

introduced into the opposite stage of each pair than it would have been 

normally. This is tre coni it ion that would usually exist after 4095 

cycles of the input signal frequency. Thus the first pulse started a 

count and h096 cycles lat~r the count was stopped by the next pulseo 

In order to determine th3 overall accuracy of the counting equip

ment, a Hewlett Packard lew frequency standard of 1000 cycles was counted 

for 8 seconds. The results showed the device to be accurate within the 

limits of the crystals which is 1 part per nJ.llion plus 1 cycle of 100 

Kco For data see appendix IIIo 

7. Amloging circuit 

For the data collected the precession frequency was counted and the 

ans~r indicated on tre light'3d dials of the H.Po 524A counter. For some 

applications, it would be preferable to have the result of the successive 

measurements continuously recorded on a tape recording voltmeter such as 

the Ssterline-Angus or Browno It is possible to accomplish this by using 

another binary counting circuit th3.t will count to 64. To this circuit 

can be fed the same 100 Kc frequency that is counted by the HoPo 524A 

wren the ~ate is opemd by the 2 Kc signa.lo Tm total niunber of 100 Kc 

cycles occurring during a 2 secorrl count will be about 200000 an:i the 

actual number of cycles will differ from this slightly depending on the 

exact fraquency of precession. When these cycles are fed into the binar,y 

count~r ca.pable of counting to 64, it will count thru its full range a 

large number of times arrl whm the 100 Kc is gated off will stop counting. 

The count indicated at this time on the binary will deten.aine some refer

ence numbero If the next count then leaves a different rerrainder on the 
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binary indicater lights, this will correspond to a change of field. A 

crange of one cycle of tre 100 Kc will cause a chdllge of one count in 

the binary indicator which corresponds to a change of very nearly t'(in 

the eart,h 1 s field. If 1 in the plate circuit of one of each pair of 

stages in the binary circuit is placed a rela.v switch that switches in 

a voltage of a certain amplitude then the 100 Kc frequency count can be 

converted to a voltage amplitu::ie. The weight given to the six atages 

of this binary counter are 1, 2, 4, 8, 16, and 32 so that the voltages 

switched in by the various pairs of stages ehwld be proportional to 

these numbers. The total voltage or some fraction thereof can then be 

applied to a recording voltmeter, 

Such a circuit was built and tested with a eynthetic signal but time 

did not pennit its incorporation into the overall systemo 
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CHAPTE;R V 

~XPZR1H6NTAL rtr~3ULTS 

Data were collAct-'d for a plot . .f' the diurnal change of the earth 1 e 

magnetic fieldo In general during the day d~ta were collected for ten min-

utes out of each hour. (A total of 40 pieces of information was collected 

in a ten minute period)c Data were collected continuously for certain per-

iods of the day in order to establish short term trends. A plot of the 

data ls given in figure 24o The tabulated data is appendix IVa Several 

things of interest are: the polarizing arrl receiving coils were placed 

approximately 50 feet from thP- main laborator,y building in order to reduce 

interferenceo How~ver, som~ interference still existed but was less at 

night wr.en the laboratory was quiet a Also, the effect cr the sun is lese 

at ni.;rt o The data coll9cted starting at 2331 shows a ~riai of over 7 

minute!! when the indicated change in the earth 1 s field was only t ~ ( o 

Data taken starting at 0029 shows a drift in the earth Is field of 3 r dur-

ing a ten minute period with a clear "trend" apparent in the data. This 

same type of trend is evident at other points in the datao Data collected 
• 

between 0750 nnd 0820 is believed to have superimposed on the normal change 

an effect due to trn arrival on the Varian parking let of ab;ut 200 auto

mobiles during this periai. Data were collected continuously and a total 

change of 7 Y was noted during this time. It is also noted in the data that 
' 

at tre en:i of the 24 hour cycle the readings indicated a return to the start-

ing point of the previous dayo 

An additional piece of information on equipment sensitivity was obtain-

ed by moving a 3 foot length iron pipe 5 inches in diameter from a point 50 

feet distant from the polarizing and receiving coils to within 15 feet. An 

immediate sr.if t of over 12 ( was noted in tre data. (See appendix V) o 
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CONCLUSIONS 

l. Possible ~rrors: 

It is beli19ved that changes in the earth's field of t 'f can be 

detectl9d, with the pre 3ent eauipment configuration. The limitation i~ 

imposed by the fact that the count is for only 2 seconds and tre base 

counting frequ'3ncy is 100 Kc. If this base frequency were increased to 

500 Kc then cmnges of l/20 '( should be detectable. Accuracy of course 

is al~o deoon:ient on the stability of the oocillator creating the base 

frequl9rcy but with crystal controlled oscillators errors from this eource 

s hould be less than one part per milliono Noise is anothar possible 

source of error but with initial S/N ratios of 20 or 30/l, this is not a 

probl8m unless long counts a~ attempted. 

AccJ.racy with ~ Y for m~asurement of the absolute value of the earth's 

field was achievedo Greater ar.curacy than this is not claimed since the 

gyromagnetic ratio as measur~d by the Bureau of Standards was only accurate 

to within one part in 40000. Also the exact way in which the squared up :. 

' signal \•:ave crosses the axis affects the accuracy of tre count slightly. 

2. Gere ral Corrunents and Application~ 

The a~curacy of the SJ~tern which has been described depends solely on 

t he a~curacy of measurerre nt of the frecp em y of precession. The orien-

tati on of the coils need not be exact and tre precession frequency is not 

affect~d by temperature or humidity changes. Furtl'a r, the equipment does 

not operate as a rate of change in~trument and does not require motion. 

The equipm~nt '3XClusi ve of tl'a freq..terc y counting devices could be 

reduced to a 25 pound package-sorrething that could be carried by one mane 
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The 2 Kc siP,nal could be telemetered to a remote spot where its exact 

frequency could be determined. 

This system would obTiously have applications as a station magneto

meter for a magnetic observatory. It could also be used for magnetic 

prospecting either as an airborne or grouni equipment. Possible military 

applications in harbor defense and anti-submarine warfare are also evident. 

47 



-1. • :! .J 

v (_t) 

ON NODAL (3AS& S 

( <! .S T {- ) V" - ( 1j; ) V, = - I ( d 

_,~.t ' 
- I e. ~ft :c. (t) 

I ( s) - I (:5 
(A-t Q() l--1- (3 ~ 

4S 



v -

=:-

--

-

--

- L ()) ( ~ 1- 1}) 

q c s 1- c (' 1- y , -s ~- r;1,_- Cf;) ~ 

- rtl) ( s 7 .,.. rr) 

c ~51- f- c f'S 

- .r ( ~~ s I( +- ~ f 
.5 l,.. c.. + c 1' 5 

Cj 

Io) s 1- r/~ 
c. J~+J!-{ 

1 

t-v!' 

+- rr 

fk c. 

, - -
+

LL 



, 

A-+ I.. = "'lr1 
. ~ 

,4. =- ~ t-~~ J -{}{-11 
.s i..,.. i I"" r ly 

1\. --

~ i c ~ (_ -(4L r ) 
- i ( ~ (_ . -(f~_) L ) 

=-J fjf ,- S-jY 

50 



v (~) : K. ~ A... ,.. ) $ 

( 4. t- I.- j~ )(4.. r "" +-jf3) (4. -1 J 1-jl x~ t-J -i r) 
v (t) 

-

51 



\ 

ra-1<.:7 fk.)f.C.(. rite. ye..a.{ po.t'+- of o"(e ··'1 

{.CA.~ Co... s (_ : 

V(!) 
kw 

-= jl(< [(-A f').J tjf)e-J-~ jtst-] 
f J·~({ -u~. t-J 1- jf)l.+T .._) 

t-jl<<- ·[ ( Jtj r)e-Jt e i"t . . l 
I j r- ( (- J ~ ~ 1- p Ytt3 ~fJ 

[ ( .- .{ t ). ~ t j J1 ) c_- .l t- e its t: . J 
~ r5 (- p( t J t j~ )(- ,,q.-J t-i& ~I' t L 

52 



.JIL-l fe.. , s 0 .... < I v , f-h e. r ff1c;... ~: r c/ I «-I- /tH( I t-1-

v'o lf"'-1 e. ~ ' ct. I cJ 111 c. f / o t.( c(- f ;__,_.._ ·, } ; 

~·= 0.. rL t... "1 (3 
- p(t-~J 

f"' "a..-'"+- r1 (\')..-~~ tr;£\._ .,(a) 

"")fL. ( o<~ cf) 



f· 

~00 

l 

;_ 0 00 /\1 

fi> -

L 
rz. 

-L-

" --~L 

9( 

.J 

-

-
-

= )- 0 0 

,. ). f }( J.-,0(.) 

,)...}(, )l/01 

~ 

31.'1 

.£1,..\. t • "' I~ .l- ( )... 

G. I . ~ 

- ~t~ - 2 0 ~ 

f· /"\-- 0 
""'--

I o l 

f ~ - a..r,+c.- l)·s-'"''0~ -
~ -

Gl.r L t~ = 
f,) ~ ~ 

c 0 () 0 

fy "'"" ~() 
0 

""'-

54 

( 1 • s- ~ " , o g- 1 • n ~. , o '.-1 - l 1. tt) 

I~~ "''o' ( l0·'4) 



-~ v - e 
I ). . j- ' /.. l 0 J 

3 ~ 1- o +- I }. s-(, o 

- e - t I, ¥- <l s-

- ~ t v ~\.. t)'"\.-e 

«f r .. ( J _._ p() .... t- (~ .... _ t .... ,.. ~ .... - J .1 ) ~ ,... 

C-e~> .$ ( .,_ t t r , , '~-" ) 
\fJ ~ cnc..f~ I d,.f .. , ~ to 1 -

3 1·1 
3 1·'-1 

t1, ~0 

~'{ ~ ~( f-~ 11~ + Cf li'- '''"
I c). , ~--(, x I o 3 ll ' o · 8 

e 

ft "'""L 
~0 /\... 

55 



if A I ~- g A I 0 ' ( ) ( 1 Cf ,). ~- t- '1 ! 8 1- I r g - J 1 ~) 

1 ,. t t 
c.-

l ") . ~' 1-. I 0 l v ' 

(f.. J v (.. e. \ -h 

- Jl·'f-t 
c. 

I).. ~~ 

"- ' t - -- L'-

y ~"""'- w -
- 3 1·4f t) -~ 

1. s 1 t e ~ 1o 

i- h e ~ t/f? /,./'c. r./ 1-'lu. 

I S ; 

,I ,3 .4 

56 



APPENDIX II 

.t.. t / s I h r-,./~ .y'. t: ,{,.. ~ot J' ~ 

w ,'f'i r n/ .e ~.-) h. t;:;;.U . r o 

S~f LJVA/ ~ Jtt.t'O, 

I< ( e - ... ~ "'· i) 

r 

IS A . 

1~ e.. ~ c 1/ y 0... ll 
;1'f~ /n-1 ( J < 

.::_- () 

vJ ','c.. It ,'" .5 *-· VI"((~ I : 1'111./ lt--( w A ~ Jt 

t = 1 5" 6 .., 

o I" tfr "'"l"ir'e::-.-,. /~ 
(,0 

..J.... • . .. -.--.~----~--------

1 ~(:, 1 \a 0 

57 



APP3:NDIX III 

1 819208 

2 819208 

3 819208 

4 819208 

5 819208 

6 A19209 

7 819209 

8 ~19209 

9 819209 

10 819208 

11 A19208 

12 819208 

13 819209 

14 A19209 

15 819209 

16 R19208 

17 819208 

18 819209 

19 819209 

20 819209 
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APPENDIX IV 

SUMMARY CF DATA TAK~N 2, 3 HARGH 

172P-38 187710.6 

18~0-28 187747 o8 

1933-43 187754o8 

2030-3S3 187761o 7 

2129-39 187713o9 

2229-39 18'7711o1 

2331-41 1B7712o3 

0029-39 187708o8 

0123-13 187705o2 

0215-25 187712o4 

0315-25 187715.4 

0415-25 187711o) 

0515-25 187701o6 

0615-25 187689o2 

0715-25 187707o1 

0952-02 187802o1 

1052-02 187830o0 

1208-1P 187809o0 

1243-53 187802.4 

1411-41 187761o3 

1532-42 187751o2 

1632-42 l87704ol 



1728 1Z.E 

1 187,705 1 187710 

2 09 2 12 

3 07 3 13 ,• 

4 09 4 12 

5 08 5 11 

6 11 6 12 

7 10 7 14 

8 10 8 12 

9 14 9 14 

10 11 10 12 

11 11 11 14 

12 14 12 16 

13 13 13 15 

14 09 14 14 

15 10 15 16 

16 11 16 14 

17 13 17 16 

18 12 18 14 

19 14 19 16 

20 11 20 16 

60 



1738 1743 

1 187714 1 187717 

2 17 2 18 

3 19 3 20 

4 14 4 17 

5 16 5 20 

6 20 6 21 

7 19 7 21 

8 16 8 21. 

9 16 9 21. 

10 17 10 23 

11 20 11 22 

12 18 12 22 

13 17 13 24 

14 18 14 22 

15 17 15 22 

16 20 16 25 
• 

17 19 17 26 

18 18 18 27 

19 17 19 23 

20 18 20 29 

61 



174R.5 1753o5 

1 1R?728 1 187731 

2 28 2 31 

3 32 3 34 

4 28 4 32 

5 27 5 35 

6 30 6 37 

7 30 7 33 

8 28 8 31 

9 29 9 34 

10 28 10 34 

11 30 11 32 

12 30 12 32 

13 29 13 35 

14 27 14 36 

15 30 15 35 

16 30 16 32 

17 32 17 34 

18 33 18 34 

19 33 19 34 

20 31 20 35 
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1759 1804 

1 187734 1 let7746 

2 35 2 50 

3 38 3 51 

4 36 4 49 

5 38 5 49 

6 44 6 49 

7 42 7 51 

8 44 8 50 

9 41 9 50 

10 44 10 53 

11 44 11 50 

12 47 12 55 

13 44 13 52 

14 49 14 54 

15 49 15 55 

16 43 16 55 

17 44 17 53 

18 48 18 57 

19 47 19 56 

20 47 20 56 
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1~08 1814 
-,r--

1 1~7754 1 187764 

2 56 2 61 

3 55 J 59 

4 57 4 59 

5 57 5 59 

6 60 6 58 

7 60 7 59 

8 62 8 59 

9 58 9 61 

10 59 10 59 

11 60 11 58 

12 57 12 59 

13 63 13 60 

14 58 14 57 

15 59 15 56 

16 59 16 58 

17 62 17 57 

18 61 18 55 

19 59 19 56 

20 59 20 54 
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1820 ill2 

1 187754 1 187753 

2 53 2 53 

3 52 3 54 

4 50 4 54 

5 53 5 57 

6 50 6 55 

7 49 7 56 

8 50 8 55 

9 47 9 55 

10 46 10 56 

11 47 11 56 

12 46 1~ 56 

13 51 13 55 

14 45 14 54 

15 45 15 55 

16 45 16 55 

17 46 17 54 

18 42 18 55 

19 44 19 54 

20 42 2J 55 

6~ 



2)30 

1 187709 21 1876 86 

2 09 22 85 

3 05 23 85 

4 04 24 85 

5 04 25 87 

6 03 26 87 

7 02 27 88 

8 01 28 87 

9 01 29 86 

10 1876 97 30 85 

11 96 31 86 

, 12 96 32 87 

13 91 33 87 

14 92 34 87 

15 90 35 84 

16 87 36 85 

17 92 37 85 

18 87 38 88 

19 90 39 87 

20 85 40 86 
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2129 

1 1877 13 21 13 

2 13 22 14 

3 12 23 14 

4 12 24 14 

5 12 25 14 

6 12 26 14 

7 14 27 14 

8 12 28 15 

9 11 29 15 

10 11 30 15 

11 11 31 16 

12 11 32 16 

13 11 33 17 

14 13 34 17 

15 11 35 17 

16 12 36 18 

17 15 37 17 

18 13 38 17 

19 12 39 17 

20 13 40 18 

67 



2229 

1 187712 21 187710 

2 13 22 10 

3 13 23 11 

4 12 24 11 

5 10 25 10 

6 12 26 10 

7 11 27 10 

8 11 28 10 

9 12 29 11 

10 12 30 11 

11 12 31 11 

12 12 32 12 

13 11 33 ll 

14 12 34 11 

15 11 35 11 

16 12 36 10 

17 11 37 11 

18 11 38 10 

19 11 39 10 

2J 11 40 10 

68 



W.! 

1 187713 21 187711 

2 14 22 3 

3 12 23 3 

4 12 24 3 

5 12 25 • 2 

6 13 26 2 

7 12 27 3 

B 12 28 2 

9 12 29 2 

10 12 30 2 

11 13 31 2 

12 12 32 2 

13 12 33 3 

14 12 34 2 

15 12 35 2 

16 12 36 3 

17 13 37 2 

18 13 38 2 

19 12 39 3 

20 11 40 2 

69 



0029 

1 187703 21 1877ll 

2 04 22 11 

3 01,. 23 11 

4 05 24 13 

5 05 25 13 

6 05 26 14 

7 C5 27 14 

8 05 ~8 14 

9 06 29 15 

1C 06 30 13 

11 07 31 15 

12 07 32 15 

13 08 -" 33 15 

1h 09 34 14 

15 09 35 15 

16 09 36 15 

17 10 37 15 

lP 10 38 16 

19 09 39 15 

.. ~c 11 ltJ 14 

70 



0123 

1 187707 21 6 

2 8 22 4 

3 7 23 6 

4 7 24 6 

5 7 25 5 

6 7 26 5 

7 7 27 3 

8 7 28 2 

9 7 29 4 

10 7 30 2 

11 6 31 3 

12 7 32 3 

13 7 33 2 

14 6 34 3 

15 7 35 2 

16 6 36 2 

17 7 37 3 

18 7 38 3 

19 7 39 4 

20 7 40 4 

71 





OH_2 

1 1P?714 r.-1 187711 

~ 21 22 l4 

3 ~ 15 23' 19 

4 23 24 1~ 

5 26 75 17 

6 19 26 19 

7 17 27 20 

R 09 28 17 

q 16 29 19 

10 09 30 14 

11 17 31 09 

1~ 18 32 13 

11 19 33 13 

14 13 34 11 

15 12 35 12 

16 17 36 11 

17 24 37 11 

18 19 38 11 

19 20 39 11 

/0 10 40 11 

7J 





lli2 

1 18'""713 ?l 187687 

2 10 22 87 

3 09 23 97 

4 08 24 98 

5 07 25 98 

6 07 26 99 

7 06 27 99 

8 06 28 700 

9 05 29 700 

10 07 30 699 

11 06 31 700 

12 04 32 700 

13 02 33 701 

14 02 34 700 

15 OJ 35 700 

16 01 36 701 

17 01 37 702 

18 00 38 701 

19 00 39 701 

20 697 40 702 

75 



0615 

1 187691 21 187687 

2 91 22 86 

3 92 23 84 

4 93 24 86 

5 94 25 88 

6 94 26 89 

7 93 27 88 

8 92 28 88 

9 91 29 89 

10 91 30 89 
~ 

11 90 31 88 

12 89 32 90 

13 89 33 90 

14 85 34 91 

15 86 35 91 

16 86 36 91 

17 84 37 92 

18 86 38 91 

19 87 39 92 

20 87 40 91 

76 



0713 0748 

1 187708 1 187699 21 695 

2 6 2 97 22 695 

3 7 3 99 23 696 

4 8 4 700 24 697 

5 6 5 699 25 695 

6 5 6 699 26 696 

7 7 7 697 27 696 

8 7 8 698 28 697 

9 9 9 699 29 694 

10 8 10 698 30 697 

11 699 31 697 

12 700 32 698 

13 699 

14 698 

15 697 

16 697 

17 697 

18 696 

19 696 

20 696 

77 



1 187699 ( 0800) 25 ?OJ 54 718 

2 698 26 ?06 55 718 

3 698 27 

4 699 28 705 (080?.5) 

5 702 29 707 

6 702 30 705 

7 699 (0802) 31 703 

8 700 32 705 

9 700 33 704 

10 698 34 708 

11 699 35 708 (0809 .. 5) 

12 700 36 707 

13 699 37 711 

14 700 18 709 

15 701 39 708 

16 700 40 706 

17 701 (0805) 41 707 

18 701 42 710 

19 702 43 710 

20 702 44 712 

21 704 45 714 

22 705 46 715 

23 703 47 717 

24 705 48 717 (0814) 

49 719 

50 718 

51 718 

52 718 

53 719 
78 



0952 

1 187797 21 18'7803 

2 98 22 803 

3 98 23 803 

4 98 24 POJ 

5 97 25 805 

6 98 26 804 

7 96 27 803 

8 97 28 803 

9 98 29 810 

10 802 

11 801 

12 803 

13 801 

14 802 

15 800 

16 802 

17 801 

18 ROO 

19 800 

20 803 

79 



105;? 

1 18?831 21 18?831 

2 2 22 32 

3 3 23 37 

4 3 24 30 

5 2 25 27 

6 4 26 26 

7 4 27 28 

8 5 28 29 

9 3 29 28 

10 4 30 27 

11 5 31 28 

12 4 32 29 

13 3 33 29 

14 3 34 28 

15 4 35 33 

16 1 36 32 

17 3 37 32 

18 2 38 32 

19 3 39 33 

20 2 40 _, 
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1208 

1 187808 21 187811 

2 08 22 ll 

3 09 23 11 

4 08 24 ll 

5 08 25 10 

6 OB 26 10 

7 07 27 10 

8 07 28 09 

9 06 29 09 

10 05 30 09 

11 06 31 09 

12 07 32 10 

13 07 33 09 

14 07 34 09 

15 OS 35 10 

16 09 36 ll 

17 11 37 10 

18 10 38 16 

19 10 39 11 

20 ll 40 12 

81 







1532 

1 187752 21 187754 

2 52 22 1 

3 4 23 2 

4 1 24 3 

5 2 25 2 

6 1 26 2 

7 1 27 0 

8 0 28 0 

9 2 29 3 

10 0 30 1 

11 4 31 51 

12 4 32 47 

13 3 33 51 

14 3 34 48 

15 2 35 47 

16 3 36 47 

17 1 37 50 

18 5 38 49 

19 3 Yi 48 

20 4 4D 48 



1612 

1 lR~712 21 197699 

2 12 22 701 

1 12 23 702 

/,. 12 24 701 

5 09 25 701 

6 08 26 701 

7 . 09 27 701 

8 06 28 701 

9 07 29 702 

10 10 30 699 

11 710 31 702 

12 711 32 700 

13 710 33 700 

14 708 34 698 

15 707 35 699 

16 707 36 700 

17 707 37 698 

18 707 38 699 

19 707 39 698 

d) 696 40 699 
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A??SNDIX V 

Pipe at 50 1 

1 187576 

2 187575 

3 187578 

4 187579 

5 1875?6 

6 187577 

7 187574 

8 187578 

9 187579 

10 18758:J.. 

Pipe moved to 15 v 

11 187521 

12 187524 

13 187521 

14 187520 

15 1fr7522 

16 187522 

17 187523 

18 187522 

19 187525 

20 187525 
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